Precise regulation of the signaling range of secreted molecules is essential for proper pattern formation during development. The Nodal family of TGF-beta proteins has been shown to function as both short-and long-range signals. But the underlying mechanisms remain elusive. In this study, we investigated the regulation of the signaling range of zebrafish Nodal proteins Cyclops and Squint, which are short-and long-range signals, respectively. We show that (1) the stability of Cyclops and Squint correlates with the activity range but increasing the stability of the shortrange Cyclops does not increase its signaling range; (2) structural differences in the N-terminus region of the mature peptides of Cyclops and Squint determine their differences in the signaling range and swapping the N-terminus region of the Squint mature ligand into that of Cyclops makes the latter function at a distance. q
Introduction
Cell-cell communications are crucial in coordinating pattern formation during development. Such interactions between cells are largely mediated by secreted molecules. One major group of such signals belongs to the TGF-beta family (Kingsley, 1994) . The TGF-beta proteins are synthesized as precursors and the propeptide is subsequently cleaved off at the dibasic or RXXR site by subtilisin-like proprotein convertases (Massague, 1990 ). The C-terminal fragment, namely the mature ligand, is thus released as the signaling molecule.
The Nodal family of TGF-beta proteins are conserved among vertebrates and participate in multiple developmental events, such as mesoderm formation, floorplate induction and left-right axis patterning (Schier, 2003; Schier and Shen, 2000) . In zebrafish, two of the Nodal related proteins Cyclops (Cyc) and Squint (Sqt) function redundantly in mesoderm induction (Erter et al., 1998; Feldman et al., 1998; Rebagliati et al., 1998) . Although there is a complete loss of trunk mesoderm in the cyc;sqt double mutants, the cyc and sqt single mutants form mesoderm normally (Erter et al., 1998; Feldman et al., 1998; Rebagliati et al., 1998) . In contrast to their functional redundancy, we found that Cyc and Sqt are different in the signaling range (Chen and Schier, 2001) . Our data showed that Sqt is a long-range morphogen while Cyc functions locally (Chen and Schier, 2001) . The short-range property of Cyc is likely to be important for its cell-autonomous function in floorplate induction (Hatta et al., 1991) .
Previous studies on the regulation of the signaling range of TGF-beta proteins suggested that the signaling range is determined by the stability of the mature ligand (Cui et al., 2001; Jones et al., 1996; Le Good et al., 2005) . For example, it has been shown that placing the propeptide of the long-range signal Activin in front of the mature ligand of the short-range signal Xenopus Nodal Related protein 2 (Xnr2) makes the Xnr2 mature ligand more stable and the signaling range longer (Jones et al., 1996) . Recent studies showed that increasing the stability of mouse Nodal by adding a N-glycosylation site led to a longer signaling range (Le Good et al., 2005) . However, the addition of the N-glycosylation site may also change the structure of the protein as well as its interacting partners, in addition to increasing the stability of the mature ligand. Thus, it is not clear whether increasing the stability of the mature ligand alone is sufficient to change the signaling range.
To provide a better understanding of the signaling range determinants of TGF-beta proteins, we sought to address this question in vivo using the Zebrafish system. Contrary to previous reports, we found that increasing the stability of the short-range Cyc is not sufficient to expand its signaling range. Our data suggest that structural differences underlie the different signaling ranges of Cyc and Sqt. Swapping the N-terminus region of the Sqt mature ligand into that of Cyc makes the latter function at a distance. Furthermore, we found that the acidic residues in the N-terminus of the Sqt mature domain are crucial for signaling at a distance.
Results

The activity ranges of Cyc and Sqt correlate with their stability
We tagged both Cyc and Sqt with the GFP epitope to monitor their protein levels since antibodies for these two proteins are not available. The GFP tag was inserted between the second and third amino acids of the mature ligand so that the levels of both the full-length precursor and the mature ligand could be examined (Fig. 1A) . To confirm that the epitope tag does not affect the signaling range, we injected 4 pg mRNAs for tagged and intact proteins into single cells of zebrafish embryos and analyzed the signaling range by monitoring the expression of the Nodal target gene no tail (ntl) as described previously (Chen and Schier, 2001 ). All four mRNAs are potent enough to induce goosecoid (gsc) expression (Fig. 1B) , which requires high levels of Nodal signaling to be activated (Chen and Schier, 2001; Gritsman et al., 2000) . The activity ranges of Cyc-GFP and Sqt-GFP resemble that of the intact proteins. Sqt-GFP activates ntl expression at a distance while Cyc-GFP induces ntl expression locally (Fig. 1B) . Consistently, it has been shown that GFPtagged Xnr2 functions similarly to the wildtype protein (Williams et al., 2004) . Fig. 1 . The activity range of Cyc and Sqt correlates with their stability: (A) schematic diagram of Sqt-GFP, Cyc-GFP, Cyc-Sqt-GFP and Sqt-Cyc-GFP structures; (B) Cyc-GFP and Sqt-GFP have same activity ranges as intact Cyc and Sqt, single cells in wildtype embryos were injected at 64-128 cell stage with 4 pg sqt, sqt-GFP, cyc and cyc-GFP mRNAs; embryos were double stained with ntl or gsc in situ probe (blue) and the lineage tracer detected with anti-fluorescein antibody is shown in brown. All mRNAs are strong enough to activate gsc expression (sqt, nZ10/10; sqt-GFP, nZ11/11; cyc, nZ11/11; cyc-GFP, nZ9/9). Sqt (nZ23/25) and Sqt-GFP (nZ18/19) both activate ntl beyond eight-cell diameters while Cyc (nZ21/21) and Cyc-GFP (nZ20/21) induce ntl expression within two cell diameters; (C) pulsechase analysis of COS7 cells transfected with Sqt-GFP and Cyc-GFP expression constructs pCDNA3-sqtgfp and pCDNA3-cycgfp; transfected COS7 cells were pulsed for 3 h with 0.5-1mCi tran-35S Met/Cys; Cyc-GFP and Sqt-GFP were immunoprecipitated from both cell lysates and medium at increasing chase time intervals with antibodies specific for GFP, separarted on 10% SDS-PAGE gel and visualized by autoradiography; the level of Cyc-GFP or Sqt-GFP protein at each chase time interval is the combined pixel intensity of the precursor and the mature ligand; half of the Cyc-GFP proteins were degraded within 2 h chase while the half-life of Sqt-GFP was around 8 h. The experiment has been repeated for three times and one set of the western images is shown. D, 10 pg sqt-GFP, cyc-sqt-GFP, cyc-GFP and sqt-cyc-GFP mRNAs were injected into 1-cell stage wildtype embryos and the embryos were harvested 5 h later for Western blot analysis with GFP and a-tubulin antibodies; uninjected wildtype embryos at the same stage serve as control; the a-tubulin protein was used as a loading control; the level of Sqt-GFP is much higher than Cyc-GFP, suggesting that Sqt-GFP is more stable than Cyc-GFP; similarly, Cyc-Sqt-GFP is more stable than Sqt-Cyc-GFP.
To analyze the stability of Cyc-GFP and Sqt-GFP, we performed pulse-chase experiments in COS7 cells. Cells transfected with Cyc-GFP and Sqt-GFP expression constructs were grown to confluence and pulsed for 30 min with tran-35 S Met/Cys. For each chase time interval, cell lysates and medium were combined. Cyc-GFP and Sqt-GFP proteins were immunoprecipitated with antibodies specific for GFP, separated on SDS-PAGE gel and visualized by autoradiography. The level of Cyc-GFP or Sqt-GFP at each chase time interval is measured by the combined pixel intensity of the precursor and the mature ligand. As shown in Fig. 1C , half of the Cyc-GFP proteins were degraded within 2 h chase while the half-life of Sqt-GFP was around 8 h. Thus, Sqt-GFP is more stable than Cyc-GFP.
To measure the stability of Cyc-GFP and Sqt-GFP in zebrafish, we injected 10 ng cyc-GFP and sqt-GFP mRNAs into one-cell stage embryos and harvested embryos 5 h later for Western blot analysis using the anti-GFP antibody. As shown in Fig. 1D , the level of Sqt-GFP is much higher than Cyc-GFP. This result suggests that, consistent to the pulse chase assay in tissue cultures, the long-range Sqt-GFP is more stable than the short-range Cyc-GFP in zebrafish embryos.
To test if the stability of Nodal is determined by the mature domain or the propeptide, we swapped the propeptide between Cyc-GFP and Sqt-GFP to generate the chimeric proteins CycSqt-GFP and Sqt-Cyc-GFP. We found that the propeptides of Cyc and Sqt have no effect on the stability of their mature ligands. The Sqt-Cyc-GFP mature ligand is as unstable as that of the intact Cyc while the Cyc-Sqt mature ligand is as stable as that of Sqt (Fig. 1D) . Our results clearly demonstrated that the stability of the Nodal mature domain is determined by the mature domain, instead of the propeptide as suggested by previous studies (Jones et al., 1996) .
The Nodal antagonist Lefty restricts the signaling range of Sqt by decreasing its stability
Since the activity range of the zebrafish Nodals correlates with their stability, we next tested if the activity range is regulated through changing Nodal stability. Previously, we have shown that the Nodal antagonist Lefty restricts the activity range of Sqt (Chen and Schier, 2002) . In the absence of Lefty function, Sqt has a longer signaling range (Chen and Schier, 2002) . Recently, it has been shown that Lefty and Nodal interact with each other in vitro (Chen and Shen, 2004) . It is possible that this interaction may lead to degradation of Sqt and thus reduce its signaling range in the presence of Lefty. To test this hypothesis, we compared the stability of Sqt-GFP in the presence and absence of Lefty function. To knock-down Lefty function, we used the morpholino oligonucleotide against zebrafish lefty1 and lefty2 (lefty1MO and lefty2MO) as described previously (Chen and Schier, 2002) . In agreement with our predictions, we found that Sqt-GFP is more stable in the absence of Lefty function than in its presence ( Fig. 2A) . Consistently, Sqt-GFP has a broader distribution and longer signaling range in the absence of Lefty function (Fig. 2B ).
Increasing the stability of the Cyc-GFP protein is not sufficient to increase its signaling range
Since, we and others have previously shown that the Cyc signaling range is not affected by Lefty (Chen and Schier, 2002; Feldman et al., 2002) , it is not surprising that we found no difference in the distribution and signaling range of Cyc-GFP in the presence or absence of Lefty (Fig. 3B) . But unexpectedly, we found that Cyc-GFP is more stable in the absence of Lefty than in its presence (Fig. 3A) . Given the unchanged signaling distance, this result suggests that increasing the stability of the Cyc-GFP protein does not expand its signaling range. And the differences in the signaling range of Cyc and Sqt are likely to reflect the differences in their structures.
The N-terminus domain of the Sqt mature ligand plays an instructive role in its signaling range
Since, we have shown that the mature ligands of Cyc and Sqt determine their signaling ranges (Chen and Schier, 2001) , Fig. 2 . Both the stability and the signaling range of Sqt-GFP are increased in the absence of Lefty function; (A) embryos were injected with 10 pg sqt-GFP mRNA with or without 5 ng of lefty1MO and lefty2MO at one-cell stage and harvested 5 h later at 50% epiboly for western blot analysis with GFP and a-tubulin antibodies; Sqt12 GFP is more stable in the leftyMO injected embryos than in the wildtype embryos; shorter exposure time was used to avoid over exposure in the lefty MO treated lane; (B) sqt-GFP mRNA was co-injected with the lineage tracers Rhodamin-dextran and biotin-dextran into a single cell of 64-cell stage embryos with or without lefty MO injection at one-cell stage, the Sqt-GFP protein has a broader distribution and induces ntl over a longer distance in the absence of Lefty function; ntl expression was detected by in situ hybridization and the injected cells were recognized by detection of biotin-dextran with the alkaline phosphatase substrate kit 1 (Vector Laboratories, inc.).
we compared the sequences of the mature ligands of Cyc and Sqt to understand the structural basis of long-and short-range Nodal signaling, Based on the crystal structures of TGF-beta2 and BMP-2, the mature peptide of the TGF-beta proteins can be subdivided into four domains: the N-terminus, Loop1, a-helix and Loop2 (Daopin et al., 1992; Scheufler et al., 1999) . As shown in Fig. 4A , sequence comparison between Cyc and Sqt revealed the N-terminus domain as the least conserved region. To test if the N-terminus domain is responsible for the longrange activity of Sqt, we generated the chimeric protein CycSqt-Cyc (CSC) in which the N-terminus domain of the Cyc mature ligand is replaced by the corresponding region in the Sqt mature ligand. At 4 pg level, both CSC and Cyc mRNAs activate gsc expression (Fig. 4B) . In contrast to the local activity of Cyc, we found that CSC signals at a distance and activates ntl around six-cell diameters from its expressing cells. This result suggests that the N-terminus domain of the Sqt mature ligand is sufficient to make CSC function at a distance.
Since Sqt has a longer signaling range than CSC (Fig. 1B , more than eight-cell diameters), it suggests that the N-terminus domain does not contain all the structures that make Sqt longrange. Consistently, when the N-terminus of the Sqt mature domain was replaced by that of Cyc, the resulting chimera still functions at a distance (Supplementary figure) . Thus, other parts of the Sqt mature ligand are also capable of supporting Sqt signaling at a distance.
Previously, it has been reported that the short signaling range of BMP proteins relies on the basic amino acids in the N-terminus of the mature ligand (Ohkawara et al., 2002) . As shown in Fig. 4A , the N-terminus of the Sqt mature ligand is more acidic than that of Cyc. To test if these acidic residues are crucial for Sqt and the CSC chimera to function at a distance, we mutated the acidic residues individually and in combination. When four out of the six acidic residues were mutated to alanine, the resulting chimera (CSC-4A) becomes short-range (Fig. 4B) . This result suggests that the acidic residues are indispensable for the long range signaling of CSC.
Discussion
The current study focuses on understanding the mechanisms underlying the regulation of the activity range of zebrafish Nodal related proteins Cyc and Sqt. Consistent to previous reports (Cui et al., 2001; Jones et al., 1996; Le Good et al., 2005) , we also found that the stability of Cyc and Sqt correlates with the activity range. But contrary to recent studies (Le Good et al., 2005) , our results clearly showed that increasing the stability of the short-range Cyc is not sufficient to increase its signaling range. Further analysis revealed that the acidic residues in the N-terminus domain of the Sqt mature ligand are important for long-range signaling.
Nodal stability and signaling range
Recently, it has been shown that increasing the stability of the mouse Nodal mature ligand by adding an N-glycosylation site results in increased signaling range (Le Good et al., 2005) . But such manipulation also changed the structure of the Nodal mature ligand. Thus, the increased signaling range may be a consequence of changes in the structure of the mature ligand instead of differences in its stability. To test directly if changing stability is sufficient to modify the signaling range, we were able to increase the stability of Cyc without modifying its structure by removing the Nodal antagonist Lefty. Our results clearly demonstrated that increasing the stability of the short-range Cyc is not sufficient to increase its signaling range (Fig. 3) . Thus, the signaling range is an intrinsic property of the mature ligand.
The proteolytic processing of Zebrafish Nodals
Previously, it has been shown that the higher efficiency of the proteolytic cleavage of Xnr2 leads to longer signaling range (Jones et al., 1996) . In contrary, our data showed that the longrange Sqt is less efficiently processed than the short-range Cyc (Fig. 1D) . Two recent findings shed light on this result. First, studies in mouse have shown that SPC1 and SPC4, the Fig. 3 . Removal of Lefty function increases the stability of Cyc-GFP, but not its signaling range. (A) embryos were injected with 10 pg cyc-GFP mRNA with or without 5 ng of lefty1MO and lefty2MO at one-cell stage and harvested 5 h later at 50% epiboly for western blot analysis with GFP and a-tubulin antibodies; the Cyc protein is more stable in the leftyMO injected embryos than in the wildtype embryos; (B) cyc-GFP mRNA was co-injected with the lineage tracers Rhodamindextran and biotin-dextran into a single cell of the 64-cell stage embryos with or without lefty MO injection at one-cell stage, there is no difference in the distribution of Cyc-GFP and the induction of ntl in the presence or absence of Lefty; ntl expression was detected by in situ hybridization and the injected cells were recognized by detection of biotin-dextran with the alkaline phosphatase substrate kit 1 (Vector Laboratories, inc.). Fig. 4 . The N-terminus domain of the Sqt mature ligand plays an instructive role in its signaling range: (A) sequence comparison between the mature ligands of the long-range Sqt and the short-range Cyc; spaces in the Cyc sequence represent homology to Sqt; gaps are shown by dashed lines. The chimeric protein CSC was convertases responsible for Nodal processing, are secreted by extra-embryonic tissues and function cell non-autonomously to cleave the Nodal precursor after its secretion (Beck et al., 2002) . Thus, the Nodal precursor can be processed by cells other than its producing cells. Secondly, it has been shown that the Nodal precursor is more stable than the mature ligand (Beck et al., 2002) . The limited efficiency of Sqt processing shown in this report suggests that a portion of the Sqt molecules reach distant cells as the precursor protein (the more stable form) and are converted into the mature ligand (the less stable form) there. Thus, cells at a distance will eventually receive more Sqt mature ligand than they would if the Sqt precursor protein is completely processed by the producing cells. Consistently, recent in vitro studies also showed that the signaling range of mouse Nodal is negatively regulated by the cleavage efficiency (Le Good et al., 2005) .
It has been reported that the propeptide of BMP-4 can make the mature ligand of Nodal more stable (Constam and Robertson, 1999) . In our experiment, we found the stability of the Cyc and Sqt mature ligands is not affected by the propetide (Fig. 1D ). The differences between our findings and the earlier report are likely to reflect differences in protein structures. For mechanisms unknown, the propeptide of BMP-4 remains associated with the mature ligand and stabilizes the latter (Constam and Robertson, 1999) . It is possible that the propeptide of Nodal may detach from the mature ligand after cleavage and leave the latter unprotected from degradation.
How does Sqt travel?
Several models have been proposed to account for the mechanism by which a long-range signal travels over a field of cells. While receptor mediated transcytosis was suggested to be responsible for the Dpp morphogen gradient formation (Entchev et al., 2000; Teleman and Cohen, 2000) , Xenopus animal cap assays provided evidence for diffusion of TGFb1 (McDowell et al., 2001 ). In addition, argosome mediated transcytosis was proposed as a potential mechanism for the spread of morphogens such as Wg (Greco et al., 2001 ). More recently, it has been shown that Xnr2 spreads through diffusion (Williams et al., 2004) . Currently it is unknown how Sqt travels. Our studies suggested that more than one part of the Sqt mature ligand play a role in its long-range activity. With the unique advantage of the long-range CSC chimera in which the N-terminus of the Cyc mature ligand was replaced by that of Sqt, we were able to identify the acidic amino acids as crucial residues for long-range signaling (Fig. 4) . It is possible that the acidic residues decrease the interaction with the negatively charged glycosaminoglycans (GAG) of proteoglycans to allow the CSC chimera to spread over a distance. Thus, it is likely that Sqt travel through diffusion, similar to Xnr2 (Williams et al., 2004) . Further analysis on interacting proteins is necessary to reveal mechanism(s) underlying how Sqt travels.
Methods
Plasmid construction
The Cyc-Sqt-Cyc fusion protein was constructed using PCR amplification. The GFP tag was introduced as a BamHI fragment between the second and third amino acids of the mature ligand of Sqt, Cyc, Sqt-Cyc and Cyc-Sqt. Quickchange site-directed mutagenesis kit (Stratagene) was used to mutate the Cyc-Sqt-Cyc fusion protein.
Single cell injection
The lineage tracer fluorescein-dextran was co-injected with mRNAs to mark the injected cell and its progeny. RNA in situ hybridization and antifluorescein antibody staining were performed as described previously (Chen and Schier, 2001 ).
Western blot analysis
Embryos were injected with individual mRNAs at one-cell stage and harvested at 50% epiboly. The yolk contents were allowed to leak out after the yolk was ripped open. Lysate of eight embryos was loaded into each lane. After probing with rabbit anti-GFP antibody (1:2000, Molecular Probes), membranes were stripped and then probed with mouse anti-a-tubulin antibody (1:2000, Sigma).
Pulse-chase analysis
COS7 cells transfected with pCDNA3-sqtgfp and pCDNA3-cycgfp, respectively, were grown to confluence and incubated in the Met/Cys free medium for 1 h. After 3 h pulse with 0.5-1mCi tran-35 S Met/Cys, cell lysates and medium were harvested at increasing chase time interval and combined. Cyc-GFP and Sqt-GFP proteins were immunoprecipitated with antibodies specific for GFP, separarted on 10% SDS-PAGE gel and fixed in 10% acetic acid/30% methanol. The radiolabeled proteins were enhanced using En3hance (Perkin-Elmer) and visualized by autoradiography.
Confocal imaging
Messenger RNAs for Sqt-GFP or Cyc-GFP were injected into a single cell in the 64-cell stage zebrafish embryos, together with the lineage tracers Rhodamin-dextran and biotin-dextran. The confocal images were taken after mounting the embryos in 2.5% methyl-cellulose at 50% epiboly.
constructed by replacing the N-terminus domain of Cyc with that of Sqt; the Cyc sequence is underlined; four out of the six acidic residues (shown in bold) in the Nterminus of CSC were mutated to alanine to give rise to CSC-4A. B, 4 pg of cyc, csc and csc-4A mRNAs were co-injected with the lineage tracer fluoresceindextran into a single cell in wild-type embryos at the 64-128 cell stage; embryos were fixed 3 h later at 50% epiboly; ntl and gsc expression is shown in blue and the cells 13 injected with the mRNAs are marked by the brown antibody staining of the lineage tracer fluorescein-dextran. All three mRNAs activate gsc expression (cyc, nZ10/10; csc, nZ12/12; csc-4A, nZ12/12). The expression of ntl is detected in cells around six cell diameters away from the cells that produce the CSC protein (nZ21/24), in contrast to the local activation of ntl (about two cell diameters) by Cyc (nZ18/20) and CSC-4A (nZ21/21). The white arrowheads are used to indicate cell tiers that are activated by the Nodal proteins.
